• How to find new physics at the LHC.
How will we look for new physics at the LHC?
Look directly.
E.g.
SUSY ⇒ squarks ⇒ p + p → squark + antisquark + X.
We use • We need the parton distribution functions f a/A (ξ, µ).
• We need the hard scattering cross sections dσ ab (µ).
• dσ has been calculated at next-to-leading order (NLO) for lots of processes of interest.
• The calculation involves a subtraction in dσ to allow for the emitted gluon being in dσ ab (µ).
• These are QCD calculations.
Look indirectly.

E.g.
S.M. ⇒ p + p → W
+ + W − + X.
S.M. ⇒ p + p → jet + jet + X.
We still use If anything goes wrong it must be new physics (if the discrepancy is outside the errors).
Jet cross sections and new physics signatures
• Suppose there is a new interaction at a scale Λ.
If Λ < E
max T : a) New particle with mass M that decays to two jets.
* One jet inclusive cross section Look for threshold effect at E T = M/2. * Two jet inclusive cross section Look for resonance structure at M Jet−Jet = M .
b) New particle with mass M that decays to 3 jets, 4 jets, 2 jets + invisible particles, 2 jets + leptons; new particles that are produced in pairs. . . * In principle, this contributes to one and two jet inclusive cross sections, but background signal. ⇒ look for this directly.
Get new terms in the effective lagrangian like
Then the one jet inclusive cross section is changed:
Then the two jet inclusive cross section is also changed.
Extra dimensions
What if space has more than three dimensions, with the extra dimensions rolled into a little ball of size R?
Then a quark or gluon is pointlike when viewed by a probe with wavelength λ R, but not when viewed by a probe with wavelength λ < ∼ R.
Then the one jet inclusive cross section should be suppressed by a form factor something like: The two jet inclusive cross section
Find the two jets in each event with the largest E T . Study
• η JJ = (η 1 + η 2 )/2 = rapidity of jet-jet c.m. system • η * = (η 1 − η 2 )/2 = rapidity of first jet as viewed in the jet-jet c.m. system.
• dσ/dM JJ has essentially the same information as the one jet inclusive cross section.
• However, a resonance that decays to two jets would appear as a bump.
• The two jet angular distribution contains very important information.
• Look at the cross section as a function of η * for a fixed bin of M JJ and η JJ .
Vector exchange versus new terms
• Vector boson exchange gives the characteristic behavior
• An s-wave distribution gives few events with η * > 1.
A convenient angle variable is
The QCD cross section is quite flat for χ 1.
In contrast, a new physics signal should fall off beyond χ ≈ 3.
Comparison with Tevatron data
Here we compare QCD with D0 data for dijets jets with large M JJ .
DØ Data
The CDF data for dσ/dE T was showing a distinct excess at large E T (not seen by D0). But the dijet angular distribution (from both experiments) showed that there was no new physics.
The prediction for LHC
One jet inclusive cross section dσ/dP T dy averaged over −1 < y < 1, versus P T .
• Successive combination jet definition, k T style, with joining parameter D = 1.
• CTEQ5M partons.
Theory errors (perturbative)
• Calculation includes order α 2 s and α 3 s .
• Order α 4 s and higher are left out.
• The missing α 4 s terms are probably not smaller than terms we know about
• Investigate by examining
Theory errors (power suppressed)
There are errors of the form
Rough estimates suggest Λ i < ∼ 10 GeV for Fermilab.
(Maybe somewhat more for LHC). This is significant for comparison of jets at √ s = 630 GeV to jets at √ s = 1800 GeV at Fermilab. These should be negligible for jets with E T > 200 GeV at LHC.
Parton distribution errors
• For x < 0.3, I suppose we know parton distributions to 10%, so jet cross sections to 20%.
• For larger x, knowledge of the gluon distribution is poor.
• To see what can happen, try CTEQ5HJ partons.
* Enhanced large x gluons to fit average of CDF and D0 jet data at high E T . Plot
• It would be nice to have parton distributions with errors.
• Giele and Keller have published ideas on this.
• CTEQ has partially accomplished this.
Reducing the perturbative theory error
We should do the calculation at NNLO.
• The premier example is g − 2 for the muon. Experiment E821 at Brookhaven gives (g − 2)/2 = 11 659 203(8) × 10
−10
The corresponding calculation includes QED calculations at N 4 LO, i.e. α
5
. The calculation also includes two loop graphs with W and Z bosons. There are also QCD contributions, which cannot be purely perturbative because the momentum scale is too low. One contribution had a sign error, fixed by Knecht and Nyffeler, who found that this graph contributes +8.3(1.2) × 10 • The revised theoretical contribution helps.
• There is perhaps more theoretical uncertainty than indicated by the (8).
• This has a bearing on LHC physics because it suggests beyond the Standard Model stuff.
• N k L0 calculations matter.
The calculations at NNLO and beyond are successful because they use special tricks based on calculating a simple measurable quantity. It is harder to calculate for generic infrared safe observables.
The first results will come for e 
Beyond fixed order
Simply calculating Feynman diagrams at a fixed order of perturbation theory is not enough.
Use the factorization property of QCD
Sum an infinite number of important contributions
The first of these is performed by using the renormalization group. The others will be discussed at least briefly in my talk on perturbative summations.
Parton distribution functions
• Important for everything.
• Determined from data for many processes (global fits).
• Produced by CTEQ and MRS.
• Charm and bottom distributions are calculated, based an expansion in powers of α s (m c ) and α s (m b ) respectively.
• Maybe this isn't such a good approximation.
• We don't know the gluon distribution at large values of x (say 0.5) to within a factor of 2.
• So far, error analysis by MRS and CTEQ consists of trying different values of gluon parameters, α s , etc and seeing how far one can go before the fit is evidently bad.
Why don't they give us parton distributions with errors? • It's harder than you think.
• CTEQ has, in part.
Why parton distributions with errors would seem strange
• With a real error analysis involving roughly 1400 degrees of freedom, we would have a plot of χ 2 for some observable, say α s , that looks like this:
• Thus a ∆χ
• Any value of α s beyond ∆χ 2 = 9 can be ruled out with high confidence.
• But the fits to the world's data corresponding to much of the disallowed range of α s would seem perfectly fine: normal fluctuations in χ
Parton error analysis
• In order to take χ 2 or an equivalent statistic seriously, one must be very careful.
• It is easy to go seriously wrong.
• Suppose that we judge a calculated cross section to have a theoretical error such that a "perfect" Standard Model prediction could differ by 5% in the mid-range of some variable x:
• But suppose that we ignore this theoretical error.
• Then if the data look like this we could erroneously add many units to χ 2 when we should just add one unit of χ 2 for the theory being " 1 σ" off.
Where are we?
• Alekhin produced parton distributions with errors based on DIS data in 1996.
• Giele, Keller, and Kosower have developed a method for doing the analysis if the relevant errors are available.
• Their method is flexible so it could handle non-gaussian errors.
• More than mathematics is needed.
• A realistic treatment of errors would involve a lot of judgment by the fitters as to
• experimental systematic errors • theoretical errors • The necessary judgment would involve lots of analysis and debate.
• CTEQ's latest parton distribution set, CTEQ6, comes with errors. means what it is supposed to, the error band with T = 10 surely overestimates the uncertainty.
